Cats of either sex, weighing 2.0 to 3.0 kg, were anesthetized, after initial etherization, with alpha-chloralose (50 mg/kg iv), supplemented with urethane as required. After one hind leg was skinned, the artery supplying the gastrocnemius-soleus muscle group was isolated; in a few experiments the corresponding vein was isolated instead. Collateral circulation from thigh muscles was eliminated by ligating and sectioning them close to their insertions. The tibialis muscles were removed and the paw was ligated to eliminate its flow. Other details of this "isolated"
• In a previous study 1 the maximum force of contraction of the intermittently stimulated gastrocnemius-soleus muscle group of the cat was shown to decrease in proportion to reduction in total blood flow through the muscle, brought about by various means. Activation of the cholinergic sympathetic vasodilator system through hypothalamic stimulation produced neither change in flow nor alteration in force of the contracting muscle; this suggested that the dilator system produced no redistribution of flow in contracting muscle similar to that observed in resting muscle. 2 As a corollary of these observations the effect on flow-force relations of the intra-arterial administration of acetylcholine and other vasodilator agents was investigated. As indicated in preliminary reports, 3 ' 4 these agents reduced muscle force even when flow was increased or unchanged. The mechanism of this effect is the subject of the present report.
gastrocnemius-soleus preparation have been described previously. 1 Flow in the femoral artery or vein, which now comprised essentially all of the flow and only the flow to this muscle group, was recorded with a closed drop counter system 5 after heparinization of the animal (500 to 700 units/kg). Inflow into the femoral artery of the test leg was conducted by way of a plastic cannula from the opposite femoral artery. This cannula was long enough to be inserted into a Sigmamotor pump, situated proximal to the drop counting chamber. All but a few experiments, specifically noted in the text, were done with constant blood flow, regulated by the pump. Perfusion pressure beyond the drop counting chamber and systemic arterial pressure were measured with Statham P23A transducers. Heart rate was recorded with a Waters cardiotachometer utilizing the signal from the arterial pressure transducer strain gauge bridge. Intra-arterial infusions were made through a side arm in the distal part of the cannula with a Harvard infusion pump which allowed stepwise increments in infusion rates.
The leg was held in place with pins inserted into the lower femur and lower tibia. A string or stiff wire was led from the calcaneus to a Grass FT 10 or FT 03 transducer for recording of nearisometric tension of the gastrocnemius. The muscle was activated by electrical stimulation of the sciatic nerve with a Harvard bipolar shielded platinum electrode. Since the tibialis muscles had been removed, the only effective motor response was over the tibial nerve to the gastrocnemiussoleus. Generally, the sciatic nerve was left intact; in the occasional case when it was cut central to the electrodes, no differences were observed in muscular or vascular responses to the various experimental procedures. Each stimulus consisted of a 60 msec train of monophasic square wave impulses which were 0.02 msec long and separated from each other by 5 msec. In most cases, the trains were repeated at one-half or one second intervals; on occasion, the intervals were 2, 4, 8, or 10 sec. The intensity of stimulation was adjusted to yield maximum force of contraction. Under these conditions, as described before, 1 no mechanical impedance to flow was evident. Stimuli were delivered by a Tectronix type 161 pulse 526 HIRVONEN, KOROBKIN, SONNENSCHEIN, WRIGHT generator gated by a Grass model S4 stimulator.
Temperatures in the esophagus and muscle generally were measured by indwelling thermocouples and maintained at relatively constant levels by an electric heating pad under the animal and an adjustable heat lamp directed at the leg. Recordings of heart rate, pressures, flow, and muscle force were made with Offner type 133 amplifiers and dynograph.
Drugs were dissolved in 0.9% NaCl to yield the following concentrations: and Lenthall. 0 I 131 , in the form of a carrier-free solution of Nal 131 in physiological saline, was injected intra-arterially in amounts of 50 to 750 fie (0.05 to 0.15 ml). The isotope activity in the muscle was detected by a Geiger-Muller tube held next to the muscle, monitored by a NRD model CH1200 rate meter, and recorded on an Esterline-Angus recording galvonometer. In most cases the isotope was administered while the muscle was contracting vigorously and vasodilatation was nearmaximal. In those cases where the rate of clearance was to be determined in resting muscle, the isotope was given while dilatation was temporarily being induced by intra-arterial administration of acetylcholine in order to "load" the muscle with isotope." The differences between readings at successive one-fourth or one-half minute intervals and the final background count were plotted logarithmically against time. The value of the constant, k, for each clearance rate was determined from the relationship, Q = Q o er kt , when k -(lnC 1 -lnC 2 )/t = 0.693/t 1/2 , where Cj and C 2 are the count rates at any two moments and t 1/2 is the half time. 
Results

GENERAL FEATURES OF THE DEPRESSANT ACTION OF THE VASODILATORS
Muscle force was reduced by intra-arterial infusion of any of the vasodilator drugs at rates that produced dilatation in resting muscle. The effect of acetylcholine alone was seen in 93 trials during various experiments on 45 cats. When the muscle was contracting once or twice per second, the force began to fall within a minute after the start of infusion and reached a new, steady level in two to three minutes ( fig. 1 ). This level continued up to 10 minutes of infusion, the maximum period of observation. Stepwise increase in infusion rate was followed by corresponding reduction in force. The results of those experiments in which infusion was maintained long enough for attainment of a new steady state are given in table 1. When the infusion was stopped, muscle force rose promptly either to the control level or to a new steady-Circulation Research, Volume XIV, June 1964 state level generally somewhat lower than the control. Depression of muscle activity by acetylcholine and recovery after withdrawal were readily repeatable four to six times in a single preparation. Infusion of 0.9% NaCI solution at the same rate as the drugs had negligible effects.
The extent of vasodilatation in the contracting muscle was variable, e.g., in the left half of figure 1, little or no dilatation was evident in those cases where muscle activity was at a high level and the resultant metabolic dilatation was presumably near-maximal. Otherwise, as in the right half of figure 1, pronounced dilatation might occur. No predictable quantitative relation could be detected between the extent of induced dilatation and the degree of reduction of muscle force among various preparations. As muscle activity gradually decreased during prolonged infusion, a gradual increase in perfusion pressure generally ensued (figs. 1 and 3), presumably as a result of either a diminution of metabolic dilatation or a compromising of the circulation by the protracted infusion.
If, during infusion of acetylcholine at a constant rate, blood flow was increased, the force of contraction was enhanced ( fig. 2 ). If, instead, at the time flow was increased, the rate of infusion of acetylcholine was correspondingly increased to maintain the same blood concentration of acetylcholine, augmentation of muscle force was still seen. Hence, the increase in force under these conditions was not due alone to the dilution of acetylcholine which resulted from the increase in flow rate.
In two experiments intravenous administration of atropine in amounts (1.5 to 2.6 mg, total dose) sufficient to block almost entirely the hypotensive action of single intravenous injections of 5 fig acetylcholine prevented both the local dilator and muscle force depressant effects of intra-arterial acetylcholine. The corresponding effects of intra-arterial histamine were not altered, however, by atropine.
2OO-i
Results of twelve experiments in which either acetylcholine (0.3 to 3.4 //.g/min) or histamine (0.3 to 3.4 /Ag/min) was infused while blood flow was allowed to change spontaneously were in accord with those already described for experiments with constant flow. Generally, reduction in force was observed even when flow was increased.
The following observations suggest that this effect is directly related to the vascular action of the agents: a) the force depressant effect is common to the several vasodilator agents; b) it is produced by doses of the drugs required to produce dilatation; and c) the effect is reversible by increase in total blood flow. The possibility that the reduction in muscle force was due to neuromuscular blockade or a negative inotropic action was tested next.
TESTS FOR NEUROMUSCULAR BLOCKADE AND NEGATIVE INOTROPIC ACTION Effects of Acetylcholine and Histamine on Isolated Nerve-muscle Preparation
The two agents were tested in vitro by the technic of Biilbring 7 using phrenic nerve- Histamine, at successive doses of 8 to 500 )U.g/ml had no effect on one guinea pig diaphragm. In three additional preparations, single administrations of 400 to 710 /itg/ml produced approximately 15% persistent decrease in direct and indirect responses; further addition of 710 fJ-g/ml in one case induced more depression. A single trial with 140 /ug/ml on the kitten diaphragm showed no effect.
These observations indicate that acetylcholine must be present in a concentration of the order of 300 to 500 fig/ml to produce a 50% reduction in muscle force in vitro. In contrast, equivalent reduction in force of the intact gastrocnemius required the administration of 1 to 4 ju,g/min when blood flow was in the range of 2 to 10 ml/min (table  1; figs. 1, 4, 5) . This represents a concentration of acetylcholine in the perfusing blood of approximately 0.2 to 1.0 /xg/ml. Direct comparison of these effective in vitro and in vivo concentrations of acetylcholine yields a ratio of 500-1000 to 1; the respective ratio for histamine is the same. On the other hand, 1 fig/m\ of rf-tubocurarine produces greater than 50% block on the isolated guinea pig diaphragm, 8 and, by the same sort of calculation as above, also causes approximately 50% reduction in force of the gastrocnemius ( fig. 3 ), i.e., a ratio of 1:1. While comparison of drug effects in two such different preparations as the isolated diaphragm and the intact gastrocnemius needs qualification, the data suggest strongly that the action of the vasodilator agents on the gastrocnemius is not a result of neuromuscular blockade or a direct effect on the muscle.
Comparison of Acetylcholine with d-Tubocurarine and Decamethonium on Gastrocnemius Preparation
Tests such as those described above on the phrenic nerve-diaphragm preparation could not be done effectively on the intact gastrocnemius because of the bulk of the muscle and the consequent difficulty in attaining maximal direct stimulation of the muscle without injury to some parts of the muscle or its vasculature. Accordingly, the problem of comparison of acetylcholine with the blocking agents was attacked indirectly.
Previous experiments 1 had shown that when the gastrocnemius is contracting maximally once or twice per second, reduction in total flow produces a diminution in force within seconds. If, however, the interval between successive contractions is lengthened to 8 or 10 seconds, the same reduction in flow produces a lesser, delayed effect on force. It was reasoned that if acetylcholine were acting through a reduction in effective blood flow, its effect on muscle force should be reduced accordingly if the interval between contractions were prolonged. On the other hand, such a prolongation of interval between contractions would not be expected to affect the action of a neuromuscular blocking agent.
In a group of six experiments the above approach was used in the attempt to discriminate between the actions of acetylcholine and the neuromuscular blocking drugs; histamine and isoproterenol were each included in one experiment. In each case the experiment was started by stimulating the muscle maximally once per second. An infusion rate of acetylcholine was determined which yielded approximately 50% reduction in force; this was generally 1 or 2 /u,g/min. Next, a dose of d-tubocurarine (3 to 6 /ng/min) or decamethonium (1 to 2 yu,g/min) was determined which would give comparable reduction in force. The stimulus interval was then increased to 8 or 10 seconds, while flow was maintained at the initial level, and the infusions of acetylcholine and d-tubocurarine or decamethonium were repeated. In all cases the depression produced by acetylcholine was markedly reduced, while that of d-tubocurarine or decamethonium was affected little, if at all ( fig. 3 ). These findings were compatible with the concept that acetylcholine, and the other vasodilators as well, bring about the reduction in muscle force as a result of a vascular effect.
I"' CLEARANCE FROM MUSCLE DURING ACETYLCHOLINE OR d-TUBOCURARINE INFUSION
If the muscle depression produced by the vasodilator agents were secondary to reduction in effective or "nutritive" flow, a concomitant decrease in the disappearance rate of electrolyte from the interstitial space of the muscle would be expected. The effect of acetylcholine was tested in eight animals. In seven of these a decrease in clearance rate was observed in association with and roughly proportional to the degree of depression of muscle force (figs. [4] [5] [6] ; in one case no change in clearance occurred. On the other hand, comparable reduction in muscle force produced by d-tubocurarine, or complete rest of the muscle by stopping the stimulation ("muscle off" in fig. 6 ), was accompanied by considerably less reduction in isotope disappearance than was the case with acetylcholine infusion (figs. 5 and 6).
It should be noted that in these experiments the administration of either acetylcholine or rf-tubocurarine, or the period of "muscle off," was limited to two minutes, since clearance rates were at such high levels in the active muscle that only a few minutes were available for each run. Hence, particularly in the case of rf-tubocurarine administration or "muscle off," the time was very likely not adequate for the attainment of a new steady state in clearance rate during the period of depression. This view is supported by the findings in four experiments, in each of which clearance rates were determined after the muscle had been at rest for at least 20 minutes, and again during muscular contraction which had been initiated at least 20 minutes before the second administration of isotope. The k values observed during rest and activity in the four experiments were, respectively, 0.208, 0.236; 0.331, 0.618; 0.227, 0.252; 0.133, 0.184. In each case the clearance rate during activity was greater than that during rest.
In two experiments acetylcholine was infused intra-arterially into resting muscle while blood flow was held constant. In one, k fell from 0.495 to 0.144 during infusion; in the second, k fell from 0.365 to 0.347.
Discussion
The consistent action of the various vasodilator agents, typified by acetylcholine, in depressing the contractile force of the gas- fig. 4 ). Perfusion pressure during acetylcholine infusion changed in a manner similar to that seen in figure 3A ; no change occurred during infusion of d-tuhocurarine.
trocnemius-soleus muscles appears to be intimately related to their vascular action; this is more evident when blood flow is held constant. The various agents tested, while differing in many respects, have in common the two actions of vasodilatation and muscle depression. Moreover, these effects are noted in the same dose range for each drug. Blockade of the dilator action of acetylcholine by atropine is accompanied by blockade of the depressant effect. The reduction in muscle force can be reversed by increasing the total blood flow; and the effect of the vasodilators is diminished when contractility of the muscle is less dependent on blood flow. On the other hand, the evidence suggests that the agents are not acting through neuromuscular blockade or a negative inotropic effect. The high acetylcholine and histamine concentrations required to produce significant decrease in guinea pig or kitten diaphragm response to stimulation indicate such mecha- Final values of muscle force and clearance constant, k, (initial values equal 100%), during 2-minute periods of acetylcholine or d-tubocurarine infusion or of cessation of muscle stimulation ("muscle off").
nisms are not important for the effect on the cat gastrocnemius preparation. Neuromuscular blocking action of acetylcholine has been welldocumented, 9 ' 10 but for low doses comparable to those used here, it has been observed only in the presence of a cholinesterase inhibitor. Histamine is reported to have an augmenting action on the block produced by d-tubocurarine and an antagonistic effect on that of decamethonium; n at very high concentrations, comparable to those used in our in vitro experiments, histamine appears to produce neuromuscular block. 12 Such a block, or a negative inotropic effect, seems a quite unlikely cause of the depression of the gastrocnemius, however, in view of the several hundredfold difference in effective doses. The effect of acetylcholine and cl-tubocurarine on the V 31 disappearance rate from the muscle supports this conclusion. As originally suggested by Kety 13 and emphasized by Hyman et al., 2 the clearance rate may be taken as an index of effective or nutritive blood flow. Under the conditions of the present experiments, maximum muscle force is a direct function of total blood flow, 1 and hence, by inference, of effective flow. Conversely, primary alteration in degree of muscle activity tends to change total flow and its nutritive component in the same direction. 2 In the present experiments the prompt reduction in V 3 ' clearance proportionate to the degree of muscle depression produced by intra-arterial acetylcholine, with constant total flow to the muscle, can be explained by a primary reduction in effective flow with a secondary decrease in muscle contractility. The fact that comparable reduction in muscle force produced by d-tubocurarine is accompanied by much less reduction in I' 31 clearance can be explained on the basis of a time lag in the decrease in effective flow after muscle activity has decreased; the two-minute period of observation is not sufficiently long for the attainment of a new steady state. The isotope experiments thus serve both to substantiate the vascular basis for the action of the dilator agents and to rule out neuromuscular blockade.
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At first glance, some discrepancies seem to exist between these results and those of Hyman et al. 2 and Paldino et al. 14 In the latter reports, intra-arterial infusions of methacholine, 48/80 (a histamine releaser), and bradykinin were shown to increase the clearance rate of I 131 from resting muscle concomitant with the increase in blood flow accompanying the induced vasodilatation. The explanation for the divergent results may well reside in the fact that flow was allowed to increase in their experiments, while in ours it was held constant. In fact, in the two experiments reported here in which acetylcholine was infused into resting muscle, with constant arterial flow, decrease in clearance was observed. Thus, whatever may be the mechanisms for the reduction in apparent effective flow induced by the dilator agents, the effect of this reduction may be decreased or nullified by an increase in the total flow.
If the vasodilator agents are acting on the muscle through a vascular mechanism, this may be through a change in a) capillary filtration, b) capillary permeability, or c) functional geometry of the microcirculation. An increase in filtration apparently occurs both with exercise hyperemia and with intra-arterial infusion of acetylcholine, histamine, and bradykinin into the resting muscle. 15 This increased net outward movement of fluid apparently results from a rise in mean capillary transmural pressure stemming from arteriolar dilatation. Evidence 10 exists, however, that changes in filtration rate do not affect electrolyte clearance; moreover, bradykinin-induced hyperemia in resting muscle is associated with increased clearance. 14 Hence, it does not appear likely that the decrease in V" clearance and the associated muscle depression in the present experiments bear any close dependence on filtration effects.
While the present experimental approach offers no way of distinguishing between changes in permeability of the capillaries and changes in their functional geometry, other observations suggest the possibility that a change in distribution of flow within the microcirculation is involved. The presence of arteriovenous shunts within muscle was indicated by the anatomical studies of Saunders et al. 17 and the experiments of Kovach et al. 18 In the case of the activity of the sympathetic vasodilator system in resting skeletal muscle, the apparent functional shunting described by Hyman et al.-could not be accounted for by the opening of shunts larger than capillary size according to Piiper and Rosell; 19 Folkow et al. 20 ascribed the effect to an action of the dilator fibers solely on the precapillary elements, effective capillary surface area and mean diffusion distance being maintained essentially constant through local, humoral regulation of precapillary sphincters. This idea was further elaborated by Renkin and Rosell. 21 Redistribution of flow among capillaries of the muscle and associated connective tissue may well account for the present observations. Although additional vasodilatation induced by the dilator agent in the contracting muscle was minimal in some cases, dilatation of at least some elements could be critical for the response. These could be the system of interfascicular vessels described by Zweifach 22 and invoked by Barlow et al. 23 in their explanation of the "dual circulation" in muscle. If these vessels should be dilated some flow might be diverted to them from vessels which are more intimately related to the active muscle cells. More information on the functional anatomy of the microcirculation in skeletal muscle and its alteration in different physiological states is obviously desirable to test the validity of this suggestion.
Summary
The intra-arterial administration of vasodilator drugs (acetylcholine, histamine, isoproterenol, adenosine triphosphate, bradykinin, and isoxsuprine hydrochloride) induced reversible depression in the maximal contractile force of the intermittently stimulated gastrocnemius-soleus muscles in the cat. In general, blood flow to the muscles was held constant and perfusion pressure was observed. The agents were effective in depressing the muscle at doses the same as those required to produce dilatation in the resting muscle.
Increase in blood flow during infusion could reverse the depression. Atropine, in amounts sufficient to block the hypotensive action of intravenously administered acetylcholine, prevented the muscle depressant action of the latter, while leaving unaffected the action of histamine.
Further experiments, utilizing mainly acetylcholine as the prototype, were performed to test the hypothesis that the depressant effect on the gastrocnemius was closely related to a vascular action of the drugs. Evidence serving both to exclude neuromuscular blockade and to support a vascular effect was adduced from three sets of observations. 1) In vitro tests of blocking action of acetylcholine and histamine on nerve-muscle preparations indicated that any such action would require doses several hundred times greater than those effective in the cat gastrocnemius. 2) Under conditions where dependency of contractile force on blood flow varied, comparison of the effects of acetylcholine to d-tubocurarine and decamethonium on the cat gastrocnemius showed that when dependency on flow was reduced the effect of acetylcholine was also, while neuromuscular blockade was affected little. 3) A decrease occurred in the I 131 clearance rate from the gastrocnemius parallel to the reduction in muscle force from acetylcholine, while a much smaller, or delayed, reduction in rate occurred when force was reduced equally by d-tubocurarine.
A redistribution of blood flow within the muscle and associated connective tissue may account for the results.
